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Abstract. We assess the possibility of shear banding of semidilute rod-like colloidal
suspensions under steady shear flow very close to the isotropic-nematic spinodal,
using a combination of rheology, small angle neutron scattering, and laser Doppler
velocimetry. Model systems are employed which allow for a length and stiffness
variation of the particles. The rheological signature reveals that these systems are
strongly shear thinning at moderate shear rates. It is shown that the longest and most
flexible rods undergo the strongest shear thinning and have the greatest potential to
form shear bands. Although we find a small but significant gradient of the orientational
order parameter throughout the gap of the shear cell, no shear banding transition is
tractable in the region of intermediate shear rates. At very low shear rates, gradient
banding and wall slip occur simultaneously, but the shear bands are not stable over
time.
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1. Introduction
Flow instabilities such as gradient banding can be found for many complex fluids under
specific conditions. Gradient banding is the most prominent and well studied flow
instability, where two regions with distinct shear rates exist along the gradient direction.
Wormlike micellar systems are archetypal shear banding systems (Berret et al 1997,
Decruppe et al 1995, Berret et al 1998, Britton et al 1999, Hu and Lips 2005, Miller
and Rothstein 2007, Douglass et al 2008). The combination of particle alignment, due to
the particle stiffness, and the living character leads to a strong shear thinning behavior
which is a prerequisite for flow instabilities. Alignment can induce flow instabilities also
in non-living systems such as DNA (Boukany et al 2008, Boukany and Wang 2010),
F-actin (Kunita et al 2012), block co-polymer wormlike micelles (Lonetti et al 2008)
and Xanthan (Tang et al 2018), while the formation of shear bands in flexible polymeric
systems is still under debate (Tapadia and Wang 2006, Tapadia et al 2006, Hu et al
2007, Boukany and Wang 2009 (a) and (b)). On the other side of the material spectrum,
so for quasi-ideal rod-like systems, vorticity banding under steady shear flow has been
reported within the paranematic-nematic biphasic gap (Kang et al 2006) and gradient
as well as vorticity banding have been observed in the glassy state of highly charged rods
(Dhont et al 2017). Theoretical studies have shown the possibility of flow instabilities
in the isotropic phase of colloidal rods sufficiently close to the isotropic-nematric (IN)
phase transition (Olmsted 1999, Olmsted and Lu 1999 (a) and (b), Dhont and Briels
2003, Olmsted 2008). Indeed, rod-like colloids in the semidilute concentration regime are
known to undergo strong shear thinning and concomitant biaxial orientational ordering
along the flow direction when subjected to simple shear flow (Lang et al 2016). The
slope of the viscosity curve in the intermediate shear rate regime, thereby, gets steeper
with increasing concentration. Notwithstanding this shear thinning behavior, there is
so far no experimental evidence of gradient banding of colloidal rods in the vicinity of
the nonequilibrium critical point.
The aim of this paper is to clarify whether the shear thinning very close to the IN
transition can be strong enough to induce a shear banding instability, depending on the
morphology of the rods. We explore the effect of length and flexibility, since it is known
that both, rather stiff wormlike micellar systems (Lonetti et al 2008), as well as long,
semi-flexible polymers (Tang et al 2018) can exhibit shear banding in this concentration
regime due to the alignment of particles alone.
The systems we use are composed of rod-like bacteriophages with different
morphologies, varying in length and flexibility. We bring all systems sufficiently close to
the IN transition as here shear thinning is strongest, following the existing theoretical
predictions. In this paper, we first use rheology to show in which shear rate region
gradient banding is to be expected. We compare the slope of the flow curve in the
region of lowest shear thinning coefficient mfc = dΣ21/dγ˙, with Σ21 the shear stress and
γ˙ the shear rate, to the shear thinning coefficient m of the corresponding velocity profile
(Tang et al 2018). In this way, together with the form of the velocity profiles and the
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local order parameter 〈P2〉, we can identify regions of gradient banding. Second, we use
shear flow combined with laser Doppler velocimetry (flow-LDV) in order to investigate
the velocity profiles of our systems throughout the gap. Thirdly, we use shear flow
combined with small angle neutron scattering (flow-SANS) in the flow-gradient (1-2)
plane in order to determine the orientational ordering throughout the gap, which can
be related to the local velocity.
We end the paper with a discussion, linking the observations at all length scales,
reaching from the microscopic rod orientation, to the mesoscopic local velocity and to
the macroscopic rheology.
2. Experiments, Materials and Methods
2.1. Experiments
The rheological protocol for characterization of all samples in table 1 was step rate tests,
where the stress is measured as a function of time under constant shear. We measured
at shear rates in the range of γ˙ ∈ [0.005, 1000] s−1 and averaged the long time-tale to
determine the stress in the steady state, see figure 1.
Figure 1. Stress as a function of strain for different shear rates, given in units of s−1.
The line indicates the required strain of 5 strain units for reaching a steady state.
The flow-SANS study was conducted at the Institut Laue-Langevin in Grenoble,
France, using their home-built shear cell in the D22 large dynamic range small angle
diffractometer in order to resolve orientational ordering in the velocity-gradient plane
(Liberatore et al 2006, Helgeson et al 2009(a) and (b)) ‡.
All measurements were performed at 25 oC with a detector distance of 5.6 m, a
wavelength of 0.6±0.1 nm and an aperture size of 3x0.15 mm. With a total gap size
‡ DOI: 10.5291/ILL-DATA.9-10-1475
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of 1.35 mm, we can identify the orientational ordering at a maximum of 8 points along
the gap. We use a q-range between 3.2x10−2 and 4.6x10−2 A˚−1 for the calculation of
the orientational distribution function such as in earlier studies (Lang et al 2016). For
extreme low shear measurements, the shear cell has been equipped with a state of the art
brushless ec-motor, providing smooth operating conditions, and a gear box transducer.
Figure 2 shows an exemplaric intensity versus wavevector plot for fdY21M at the
concentration given in table 1. The full and dashed lines indicate regions of slope q−1
corresponding to the rod-like nature of the particle and q−2 representing random coils.
Two regions, I and II, are indicated for which the wavevector averaged intensity is
plotted against the azimuthal angle θ in the inset. These profiles show that the range
in which the azimuthal intensity profile is obtained has no effect on the outcome of
the order parameter. By fitting the azimuthal scattering intensity profiles in the given
q-range with a previously outlined function (Lang et al 2016) we are able to calculate
the planar projection of the largest eigenvalue λ1(θ) of the orientational ordering tensor
in the flow-gradient plane of our experimental reference frame. The largest eigenvalue
is directly proportional to the orientational order parameter 〈P2〉 = (3λ1 − 1)/2.
Figure 2. Porod plot for Pf1. The solid and dashed lines indicate regions of q−1 and
q−2. The vertical lines separate q-ranges for the analysis. Lower Inset: Comparison of
the azimuthal intensity profiles for the indicated q-ranges. Higher Inset: 2 D scattering
pattern. The black circles mark the outer borders of regions I and II.
Along these lines, we characterized the orientational ordering in terms of 〈P2(θ)〉
within the shear rate set γ˙ ∈ [0.0025, 64] s−1 and at 5 to 8 gap positions for each shear
rate. One scan of the whole gap at the usual flux at D22 with the given aperture takes
5 minutes. We carried out the same measurements for all used bacteriophages, but only
the data for Pf1 will be shown here.
We know from our rheological investigation that the strain required to bring
the Pf1 particles into a steady state of orientation amounts to 5 strain units, see
figure 1. Although the flow-SANS setup is not generally able to perform measurements of
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transient processes, for this material even at a time resolution of 5 min, time dependent
effects can be studied at low shear rates, as at a shear rate of 5x10−3 s−1, a strain of 5
strain units is acquired only after 16.6 minutes.
All rheological measurements were performed with a strain-controlled ARES LS
rheometer (TA Instruments, New Castle, PA, USA) at the Institute of Complex Systems
3 in Juelich, Germany. In all setups, the same Couette geometry was used. The Couette
cell has an inner diameter of 32 mm with a gap size of 1 mm.
The laser Doppler velocimetry study was carried out at the Institute of Complex
Systems 3 in Juelich Germany, where a glass Couette cell with an inner diameter of
45 mm and 1.5 mm gap size is mounted into a heterodyne dynamic light scattering
setup, which is decribed elsewhere (Delgado et al 2009).
The velocity profiles are normalized by the velocity of the moving inner cylinder
v0 and by the total gap width y0. Gap scans were performed for all materials given
in table 1. We scanned 20 positions along the gap, measuring 5 times per point in
our steady state experiments and averaging the results of the five measurements. Each
point in the gap was measured for 60 s to get a stable correlation function. In the case
of time dependent experiments, the measurement time per point was decreased to 3 s.
This amounts to 60 s for the whole gap scan which is roughly a factor five better time
resolution than in the SANS experiment. In order to minimize experimental errors, the
number of repetitions of each time dependent measurement was increased by a factor 3
compared to the steady state experiment.
2.2. Materials
Three rod-like bacteriophages were grown inside their host-bacteria in Luria-Bertrani
broth, following standard biological protocols (Sambrook et al 1989). FdY21M virus
is a stiff mutant of wild-type fd virus, which grows in E.-coli. This is also the case for
M13k07, which is a longer more flexible mutant of wild type M13 virus. Pf1 virus is a
very long and flexible Pseudomonas Aeruginosa phage which we purchased from Asla
Biotech, Riga, Latvia.
After purification by ultra-centrifugation, the different bacteriophages were
suspended in a suspending liquid holding 20 mM of Trizma base as well as 90 mM
NaCl. This ensures longterm stability of the systems (at least several months) and
leads to a strong binding of ions to the virus shell, resulting in a Debye length of
roughly 2 nm, and thus screened Coulomb interactions between the initially negatively
charged rods. For the flow-SANS measurements, the suspending liquid was Deuterium
Dioxide. For the laser Doppler velocimetry measurements as well as the corresponding
rheometric tests, the suspending liquid was deionized water. All bacteriophages were
suspended in their buffer to reach an initial concentration of c > cIN and subsequently
carefully diluted close to the lower IN spinodal point. The materials together with
their lengths, persistence lengths and their concentrations are listed in table 1. The
particle polydispersity is negligible, so the lengths could be measured using atomic force
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microscopy. The persistence lengths were measured for fd wild-type and fdY21M using
flourescence microscopy (Barry et al 2009). Since the capsid structures of M13k07 and
Pf1 are similar to that of fd wild-type, all of them have roughly the same persistence
length.
Table 1. Materials
material L Lp c cIN
µm µm mg/ml mg/ml
fdY21M 0.91 9.9±1.6 15.3 15.4
M13k07 1.2 2.8±0.7 18.4 18.8
Pf1 2.1 2.8±0.7 11.6 12
3. Results
Shear band formation is most likely to occur in the shear rate region where the observable
shear thinning is strongest. In order to find the range of maximum shear thinning, we
measured the flow curves of all materials given in table 1, see figure 3. As indicated
in figure 3(a), the region of the flow curve which is plateau-like is located around a
shear rate of 1 s−1 for the ideal virus fdY21M and slightly higher shear rates for the
two longer viruses. We can make this observation quantitative by fitting a power law
of the form Σ21 = Kγ˙
mfc to the flowcurve, selecting certain shear rate ranges. In this
region, we find the minimum shear thinning coefficients mfc, corresponding strongest
shear thinning, see the lines in figure 3(a) and compare to figure 3(b). The viscosity
ratio between the beginning and the end of this region of low slope is for all our
materials η(γ˙low)/η(γ˙high) ≈ 3.5. All flow curves overlap at high shear rates, where
the orientational ordering of viruses saturates. At lower shear rates, the two curves of
fdY21M and M13k07 have a similar slope, while that of Pf1 is less steep. The slope of
the curves in this low shear rate regime corresponds to the low shear viscosity. Note
that this low shear viscosity should not be confused with the zero shear viscosity despite
the fact that it shows a similar trend, because the zero shear viscosity is not measurable
for the given systems, as has been shown in a previous paper (Lang et al 2016).
Figure 3 shows that the shear thinning coefficient in this region decreases with increasing
length of the particles. Therefore, the longest viruses Pf1 are the most likely to undergo
gradient banding.
In order to directly visualize the flow gradients, we use laser Doppler velocimetry
and evaluate the velocity of the sheared samples along the gradient direction. Figure 4
shows the velocity profiles measured in the strongest shear thinning regions of each
system. It is obvious that none of the velocity profiles display larger nonlinearities or
shear bands. The lines in figure 4(a), (b) and (c) show curve fits to the measurement
data. As the velocity profile v(y) in a Couette cell for for a shear thinning system is per
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Figure 3. (a) Shear stress as a function of shear rate for all viruses. The lines
are fits to the data points in the indicated regions, the corresponding shear thinning
coefficients are given. (b) Shear thinning coefficidents for different shear rate regimes
of all systems.
defintion nonlinear, we use the following relation (Tang et al 2018):
v(y) = γ˙ri
(ro − y)1−2/m − r1−2/mo
r
1−2/m
i − r1−2/mi
,
with inner radius of the Couette cell ri and outer radius ro located along the gradient
direction y. We find the shear thinning coefficient m by employing the least squares
method. The shear thinning coefficients are shown for selected shear rates in figure 4(d).
The shear thinning coefficients obtained from the velocity profiles show the same
trend as those obtained from the flow curves, reaching minimum values around γ˙ = 1 s−1
for all systems. As for the shear thinning coefficients obtained from the flow curves, also
m decreases with increasing length and flexibility of the constituent particles.
Interestingly, the long rod Pf1 is the only species showing another shear rate region
of minimum shear thinning coefficient located at very low shear rates, see figure 4(d).
This region is also indicated by the low shear rate line in figure 3(a). Figure 5(a) shows
the velocity profiles of Pf1 in this low shear rate region. As in the intermediate shear rate
regime, the velocity profiles do not display any gradient bands, but the shear thinning
coefficients seem to vary more strongly from one shear rate to the other, as compared
to higher shear rates, see figure 4(d).
The orientational ordering corresponding to the local shear rate at different
positions along the gradient axis was measured using flow-SANS. Since the local shear
thinning coefficient of the long, flexible species Pf1 at very low and intermediate shear
rates reaches by far the lowest values, we study the local alignment of these molecules,
see figures 5(b) and (d). Even in the absence of shear, we find a significant ordering of
the rods close to the wall, y/y0 → 0, see yellow symbols in figure 5(d). We attribute
this to wall-anchoring of the rods, which entropically prefer to order perpendicular to
the surface normal vector of the wall, leading to wall induced nematization (Dijkstra
A quest for shear banding in ideal and non ideal colloidal rods 8
Figure 4. Relative velocity versus relative gap position for (a) Pf1, (b) M13k07 and
(c) fdY21M. The lines are fits to the data points with the respective colour. The legend
shows the shear rate values of the different experiments.
et al 2001, Klop et al 2018).Surprisingly, the wall anchoring in this system seems to
persist for a distance of at least 30 particle lengths. While most of the alignment curves
have a small gradient d〈P2〉/dy ≈ 0.02, we identify a few shear rates at which the local
alignment drops significantly towards the standing wall, limy/y0→0 d〈P2〉/dy ≈ 0.3. In
the intermediate shear rate regime we find a significant drop of the order parameter
closer to the standing wall for a shear rate of 0.32 s−1, see solid symbols in figure 5(d).
In the very low shear rate regime, the same behavior is found for shear rates between
γ˙ ∈ [0.01, 0.04] s−1, see figure 5(b). A comparison to the velocity profiles at exactly
these shear rates indicates that despite this observation, no gradient shear banding is
found in the steady state.
Due to the marked differences between the orientational ordering close to the
standing wall for the shear rates 0.005 and 0.01 s−1, and given the extremely low shear
rates, it should be tested if there is an effect of the acquired strain units, and thus a
time dependence of the velocity profile as well as the order parameter in the low shear
rate regime. Figure 6 shows a comparison between the time dependent and steady state
curves for a shear rate of 0.015 s−1.
Indeed, we can identify a significant difference between the short time and steady
state curves in both figures 6(a) and (b), indicating gradient shear banding including
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Figure 5. Relative velocity versus relative gap position for Pf1 in (a) the low shear
rate regime and (c) at intermediate shear rates. The lines indicate fits to the data at
0.015 and 0.32 s−1. Order parameter versus relative gap position in (b) the low shear
rate regime and (d) at intermediate shear rates, the lines indicate the gradient of 〈P2〉.
Figure 6. Gap scan of Pf1 at a shear rate of 0.015 s−1 in (a) the velocity and (b)
the orientational ordering. The line indicates the velocity profile for a shear thinning
coefficient of 0.17.
wall slip within the first 5 minutes of the experiment, which vanishes with increasing
time. Both, the gradient in order parameter, as well as the significantly bent velocity
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profile disappear after about 10 minutes, amounting to roughly to 9 strain units, which
is almost twice the strain necessary for reaching the steady state (see figure 1). No
further time dependent changes of the order parameter could be found.
4. Discussion
The goal of this paper was to investigate if ideal colloidal rods are prone to undergo a
flow instability in the form of gradient shear bands and if this can be tuned by the rod
morphology. Here we call a rod-like system ideal if the aspect ratio is larger than 100 and
the persistence length is significantly larger than the length of the particle, according to
the equilibrium theory for the isotropic-nematic phase transition by Onsager (Onsager
1949). Indeed, Barry et al showed that fdY21M has the phase transition exactly at
the predicted volume fraction. It has also been shown that these rods follow the non-
equilibrium theory for sheared nematics, based on theory of Olmsted 1999 and Dhont
and Briels 2003, see Lettinga et al 2005. Around the I-N phase transition, the collective
rotational diffusion goes to zero, which makes the system highly susceptible to shear flow.
In figure 3, we compare the flow curves of rod-like particles with different morphologies
very close to the IN transition. All of the curves display the strongest shear thinning
behavior with the corresponding smallest shear thinning coefficient in the intermediate
shear rate regime. The shear thinning coefficient in this region decreases with increasing
rod length and flexibility. However, in comparison to other systems in literature, the
shear thinning coefficients found here seem to be on the edge for the possibility of
gradient banding. Only the longest system, Pf1 with a length of 2.1 µm, displays a
shear thinning coefficient that is close to values found for other shear banding systems,
i. e. mfc ≈ 0.2, such as in semi-flexible Xanthan gum (Tang et al 2018). For wormlike
micellar systems mfc often becomes essentially 0 or even negative (Berret et al 1997,
Gaudino et al 2017).
Figures 4(a), (b) and (c) show the steady state velocity profiles of all our systems in
the interesting shear rate range and beyond. None of the systems show any peculiarities
nor shear bands separated by a sharp interface, not even Pf1. This, however, does not
mean that no flow instability is present. If the shear thinning coefficient m, measured
from the velocity profile, is much smaller than mfc, obtained from the flowcurve, then
this is an indication that the flow is unstable and possibly shear banding with a very
broad interface. The lack of shear band formation is confirmed by the flow-SANS scans of
the gap, which show that there is no appreciable differences in the orientation throughout
the gap in the region where the shear thinning is highest.
It is remarkable that in the past the origin of shear banding has been attributed
to proximity of the IN transition for systems that are far from being ideal rods, such
as surfactant wormlike micelles (Decruppe et al 1995, Berret et al 1998, Britton et
al 1999), whereas systems that could be considered ideal rods do not display shear
banding, despite of the fact that they are perfectly stiff, slender and monodisperse,
such as fdY21M. That shear band formation can indeed be intimately related with
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the proximity of the IN transition has been shown for surfactants (Helgeson et al
2009(b)) and block-copolymer wormlike micelles (Lonetti et al 2008). Especially the
latter system bares similarities with the systems under study as it does not have scission
as an extra relaxation mechanism, except that it is polydisperse in length with a tail
in the distribution of worms with a length of several micrometers. One possible reason
is that vorticity bands can form when shearing a system of rods, which is in the IN
phase coexisting region at rest (see Kang et al 2006). Here, we choose to go up to
the IN binodal point, but not past it. However, we know also from simulations and
experiments that the nonequilibrium binodal line has a positive slope in the shear rate
versus concentration diagram, such that the system will stay thermodynamically stable
when increasing the shear rate (Ripoll et al 2008). Though we came as close as possible
to the nonequilibrium critical point, as predicted by Olmsted 1999 and Dhont and Briels
2003, we also know from the latter theoretical studies that a shear banding transition
becomes likely only very close to the IN transition c/cIN ≈ 0.96 and over a very narrow
shear rate range. Hence, possibly shear banding for ideal rods takes only place in a
region that is not accessible as other instabilities kick in.
The fact that Pf1 is closest to display a flow instability suggests that also the
absolute length of the rods plays an important role. Indeed, when comparing the rods
under study with stiff systems that do show shear banding, such as Xanthan (Tang
et al 2018), Ehut (van der Gucht et al 2006), DNA (Boukany et al 2009), PB-PEO
(Lonetti et al 2008)and F-actin (Kunita et al 2012), then it is noteworthy that all
these systems contain particles with a length which is multiple times the length of
Pf1. Moreover, it is not clear for any of these systems whether they are close to the
biphasic regime, which is most likely due to the comparatively high particle length
slowing down all kinetics, including phase separation. Hence the systems are likely
metastable at the moment they are subjected to shear flow. We conclude that for
shear banding to occur in rod-like systems, the rods need to be long enough. One
reason might be that a higher particle length will enhance the contrast between bands
in terms of the viscosity and orientation, which is needed to sustain an interface between
bands. We note again that the Pf1 virus, although the longest system in this study,
is significantly shorter than for example Xanthan gum (Tang et al 2018) or wormlike
micelles (Helgeson et al 209(b)), for both of which the low to high shear rate viscosity
ratio in the region of lowest shear thinning parameter is about a factor 10 higher than
in our system. The largest gradient in orientational order observed for our system
d〈P2〉/dy ≈ 0.3 is even more than a factor 100 lower than in wormlike micelles, where
d〈P2〉/dy ≈ 35 (Helgeson et al 2009(b)). Accoringly, also the ratio in viscosity between
the high and low shear band is much lower. For Pf1, we estimate that this ratio
is given by η(γ˙low)/η(γ˙high) ≈ 3.5, while values for other systems with proven shear
banding are much higher: Xanthan η(γ˙low)/η(γ˙high) ≈ 20 (Tang et al 2018), wormlike
micelles η(γ˙low)/η(γ˙high) ≈ 40 (Helgeson et al 2009(b)), or DNA η(γ˙low)/η(γ˙high) ≈ 1500
(Boukany and Wang 2009(b)). Despite its high rigidity in comparison with Xanthan and
wormlike micelles, it should be mentioned that Pf1 cannot be considered an ideal rod,
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since by the criterium of Odijk 1983, it can bend significantly, thus it probably forms a
highly entangled state. Given a certain theoretical tube diameter D for a system of rods
with number density ν, the flexibility of the particles plays a role if D < L < (D2Lp)
1
3 .
The occurring tube diameter can be approximated by the mesh size of the particle
network D ∼ νL2.
While we do not observe bands in the expected shear rate region, we do observe
that the velocity profiles of Pf1 display a stronger variety of curvature in the very low
shear rates region, yielding m = 0.17 < mfc = 0.34. More interestingly, the order
parameter for shear rates γ˙ ∈ [0.01, 0.04] decreases significantly towards the standing
wall as compared to that of shear rates γ˙ ∈ [0.0025, 0.005]. This behavior is comparable
to that of phase separating wormlike micellles (Liberatoreet al 2006), although it occurs
in a very different shear rate regime. Focusing on γ˙ = 0.15, we even observe a shear
rate band, both in the orientational ordering and velocity, which is however transient,
see figure 6, as it relaxes over a duration of 10 min, corresponding to an uptake of
9 strain units. Thus, the initially sharp interface between gradient bands cannot be
sustained over time and decomposes upon the uptake of enough strain into a steady
state m < mfc with a comparatively high curvature of the flowcurve. This behavior
is opposite of what has been shown for DNA (Boukany and Wang 2009(b)), where
an increase in acquired strain helps shear band formation. Judging from the velocity
profiles, the disappearance of the shear bands comes along with the disappearance of
wall-slip, as observed for wormlike micelles (Britton et al 1999, Hu and Lips 2005). In
contrast to polymers, these system mostly slip at the standing wall, which seems to be
the case for Pf1 as well.
The transient behavior might also be related with the fact that we do observe wall
induced alignment due to entropic wall anchoring, see figure 5(d). Already very low
applied shear rates γ˙ ∈ [0.0025, 0.005] orient all rods thoughout the gap significantly
more than the initially wall anchored state, compare figures 5(b) and (c). Since the
observed time dependent gradient banding occurs at higher shear rates, we can rule out
the possibility that this gradient banding is caused by wall-anchoring of the rods.
5. Conclusions
Using rod-like bacteriophages with varying morphology, we are able to describe the
rheological behavior of rod-like suspensions close to the IN transition and assess their
potential to undergo flow instabilities. With increasing length and flexibility of the
particles, these systems show stronger shear thinning reaching a point where comparable
polymeric systems undergo gradient banding. No bands are formed in the intermediate
shear rates regimes, but at very low shear rates, time dependent gradient banding is
found. The low shear rate gradient bands occur simultaneously with wall-slip and
possess a sharp interface between the two bands. This interface broadens with time until
the bands effectively disappear after the acquired strain is large enough. In combination
with findings on wormlike micelles and polymers from the literature, we conclude that
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the interplay between particle entanglement and orientational ordering suppresses shear
banding of rod-like systems in the steady state.
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